The Drosophila short gastrulation gene (sog) encodes a large extracellular protein (Sog) that inhibits signaling by BMP-related ligands.
S
IGNALING mediated by the bone morphogenetic et al. 1994) in the early embryo (Neul and Ferguson 1998; Nguyen et al. 1998) and Glass bottom boat (Gbb) protein (BMP) pathway is required for a variety of in the developing wing (Haerry et al. 1998 ; Khalsa et al. cell fate choices during development and is regulated Yu et al. 2000) . at many steps in the signaling cascade (reviewed in MasSog and Chordin are large molecules that each consague and Chen 2000; Balemans and Van Hul 2002;  tain four copies of a cysteine repeat (CR) domain con Cadigan 2002 ). An important extracellular mechanism sisting of ‫07ف‬ amino acids defined by a fixed spacing of for regulating BMP signaling is inhibition by extracellu-10 cysteine residues and an invariant tryptophan residue lar antagonists such as the Drosophila Short gastrulation between the first two cysteines (Francois and Bier (Sog) protein (Francois et al. 1994) and its vertebrate 1995). The most amino-terminal CR (CR1), located a homolog Chordin (Sasai et al. 1994) . Sog and Chordin short distance after an internal type II signal sequence, (Chd) inhibit BMP signaling in early Drosophila and verteis separated from a cluster of the remaining three CRs brate embryos, respectively, to promote neural over non-(CR2-CR4) by an intervening stretch of 565 amino acids neural development (Wilson and Hemmati-Brivanlou (the stem; see Figure 1 in Francois et al. 1994) . Domains 1995; Biehs et al. 1996; Hammerschmidt et al. 1996) by similar to the CR repeats present in Sog and Chordin a mechanism that has been highly conserved during the are also found in other extracellular proteins such as course of evolution (Padgett et al. 1993; Holley et al. Thrombospondin and Pro-collagen (Francois et al. 1994; Sasai et al. 1995; Schmidt et al. 1995; Bier 1997; Sasai et al. 1994) and Crossveinless-2 (Conley et al. 2000) .
Hemmati-Brivanlou and Melton 1997). Sog and Chd
Two extracellular regulators of Sog activity have been bind to BMPs and prevent these ligands from activating characterized. The first is a metalloprotease encoded their receptors (Piccolo et al. 1996; Chang et al. 2001;  by the tolloid (tld) gene. Null loss-of-function tld mutants Ross et al. 2001; Scott et al. 2001) . The most likely exhibit defects similar to those of moderate decapen-BMP targets of Sog inhibition are Screw (Scw; Arora taplegic (dpp) loss-of-function mutants (Wharton et al. 1993) . Consistent with Tld playing a role in promoting BMP signaling, Tld can cleave Sog in vitro and inactivate 1 gene (Mason et al. 1994; Chang et al. 2001; Ross et al. indistinguishable from those generated in vitro (Yu et al. 2000) . Finally and critically, expression of Supersog in 2001; Scott et al. 2001) . When Tsg protein is combined with Tld and Sog in vitro, a different pattern of Sog early tsg mutant embryos can partially rescue the tsg phenotype (Yu et al. 2000) . Full-length Sog is unable to processing is observed from that with Tld alone, resulting in the production of a 42-kD N-terminal fragrescue tsg mutant embryos in such experiments, however, consistent with Tsg being required to process or ment of Sog (Yu et al. 2000) . Although the exact set of fragments generated in vitro appears to depend on modify Sog to generate a Supersog-like activity. These findings in combination with those described above sugvarious reaction conditions (Yu et al. 2000; Shimmi and O'Connor 2003) , a Sog fragment nearly identical to gest a model in which Sog can be differentially cleaved by Tld to be either destroyed (i.e., in the absence of that produced by Tld and Tsg can be generated from full-length Sog in vivo in early Drosophila embryos as Tsg) or processed into a more active Supersog-like form (i.e., in the presence of Tsg). judged by molecular weight and isoelectric point (Yu et al. 2000) . This 42-kD Sog fragment contains both CR1
In this article, we present a systematic structure-function study of Sog from which we extract the following and part of the stem between CR1 and CR2 (Yu et al. 2000) . In addition to the 42-kD Sog fragment, multiple major conclusions. First, we find that the individual CRs serve partially redundant functions. For example, an Sog species of varying sizes are generated during pupal wing development, when Sog plays a role in the vein internally deleted form of Sog lacking all but the CR4 domain (SogCR4) retains significant Sog-like activity. vs. intervein cell fate choice (Yu et al. 2000) . Sog processing is developmentally regulated and is observed This finding is consistent with a functional analysis of Chordin in which overlapping activities of the CR1 and only during stages when endogenous Sog is expressed in a significant fraction of cells (Yu et al. 2000) . Vertebrate CR3 domains were reported . Second, we find that less truncated forms of Sog, which counterparts of Tld ϭ Xolloid (Piccolo et al. 1997) and Tsg (Oelgeschlager et al. 2000; Chang et al. 2001;  lack CR4 (Sog⌬CR4) or both CR3 and CR4 (SogCR1,2), exert activities that are distinct from those of Sog or Ross et al. 2001; Scott et al. 2001) have also been shown to play a role in early dorsal/ventral (D/V) patterning Supersog. These Sog⌬CR4 and SogCR1,2 activities are similar to those resulting from activation of Gbb → Sax of Xenopus embryos, and Xolloid has been shown to serve a similar function as Tld by cleaving and inactivatsignaling. Finally, we examine whether the CR domains determine the distinct activities of various forms of Sog ing Chordin (Piccolo et al. 1997) .
Recombinant forms of Sog truncated within the stem by performing a series of CR domain swaps in the contexts of SogCR4 only, Supersog1, or SogCR1,2 conregion, referred to as Supersog, have a broadened BMP inhibitory activity in comparison to intact Sog (Yu et structs. Analysis of the activities of these chimeric molecules suggests that CRs are important for determining al. 2000). For example, during wing development, two BMPs, Dpp and Gbb, play roles in anterior/posterior the level of activity and that surrounding amino acids are the chief determinants of the type of activity exerted (A/P) patterning, growth, and vein formation. Dpp (Padgett et al. 1987 ) is required for each of these developby different forms of Sog. These results reinforce the view that Sog is a multifunctional modulator of BMP mental events (Segal and Gelbart 1985) , while Gbb plays a more limited role (Haerry et al. 1998; Khalsa et al. activity and focus attention on non-CR sequences as determinants of specificity in BMP recognition. 1998). When Sog is coexpressed with these two divergent BMPs, it can block the effect of Gbb, but not Dpp (Yu et al. 2000) . Consistent with this selectivity, loss-of-function MATERIALS AND METHODS gbb alleles result in modest vein-loss phenotypes (Haerry et al. 1998; Khalsa et al. 1998; Fly stocks: Several independent lines of each pUAS construct were obtained by P-element-mediated germline transformasimilar to those observed upon overexpression of Sog tion. The MS1096-GAL4 driver is ubiquitously expressed in (Yu et al. 1996 (Yu et al. , 2000 . Supersog, on the other hand, can the wing, but is expressed more strongly on the dorsal surface block the effects of both Gbb and Dpp in coexpression of the wing primordium during larval stages and becomes experiments (Yu et al. 2000) , in line with its ability to restricted to the dorsal surface during pupal stages (Capdevila and Guerrero 1994; Lunde et al. 1998) . The bicoidphenocopy dpp loss-of-function mutants.
GAL4/GCN4 stock ( Janody et al. 2000) like phenotype in the wing, whereas misexpression of Ohio, Drosophila stock centers. All pUAS and pGAL4 constructs are supplied in a single copy unless indicated otherwise these genes individually results in mild opposing pheno-(e.g., Figure 6 and Table 2 ).
types (Yu et al. 2000) . Second, Sog is cleaved into SupersogGeneration of mutant sog constructs: cDNAs encoding the like peptides in vitro by a combination of Sog, Tsg, and full coding regions of sog, chordin (Yu et al. 2000) , and mutant Tld (Yu et al. 2000; Shimmi and O'Connor 2003) . Third, forms of sog (this study) were inserted into the pUAS expression Sog is processed in vivo at developmentally appropriate vector (Brand and Perrimon 1993) , using appropriate restriction sites. The sequences and details of assembly of the various stages into Supersog-like fragments, which are virtually Distinct Functions of Sog deletion, point mutation, and CR swap sog constructs diahad reduced but detectable Sog-like activity in the wing. grammed in Figure 1 and Figure 6 will be provided upon request.
These results indicate that the CR3 and CR4 domains Figure 3B , comtwo-to four-cell stage. All RNAs were produced from CS2-pare to Figure 3A ). This phenotype most likely results derived vectors (Turner and Weintraub 1994) . The sog-CS2 construct (sog25) was described previously (Schmidt et al. from intact Sog selectively inhibiting Gbb but not Dpp Figure 3C ), and Sog⌬CR3 although the produce CS-tsg.
Sog⌬CR3 phenotype was consistently weaker than that generated by misexpression of intact Sog (Figure 1 ). In addition, compound mutants lacking CR1 and the stem RESULTS region (e.g., Sog⌬CR1,stem), CR1 through CR2 (e.g., The Sog CR1, CR2, and CR3 domains are individually SogCR3,4), or CR1 through CR3 (e.g., SogCR4; Figure dispensable: As a first step in analyzing the roles of the 3E) had Sog-like activity in this assay (albeit the latter various CR domains of Sog and the intervening stem two constructs had reduced activity relative to intact Sog; between CR1 and the carboxy-terminal cluster of CR2- Figure 3B ), indicating that a single CR domain (e.g., CR4 domains, we constructed a series of deleted forms CR4) can provide much of the Sog function. Some indiof Sog lacking specific domains or combinations of doviduals misexpressing Sog⌬CR4 also exhibited a mild mains ( Figure 1 ). We also constructed point mutants in vein-loss phenotype (data not shown); however, others which the conserved tryptophan residues between the first had ectopic veins ( Figure 3D ). This latter novel extra two cysteines of the CRs were changed individually or vein phenotype is discussed further below. These data in combination to alanine (Figure 1 ). To determine indicate that any single CR domain is dispensable for whether the various CR domains were individually rethe BMP inhibitory activity of intact Sog, although in the quired for Sog activity, we assayed the function of Sog case of Sog⌬CR4, a conflicting gain-of-function activity mutants lacking each of the four CR domains ( Figure  partly obscures the underlying inhibitory Sog function. 1) in blastoderm stage embryos ( Figure 2 ) and adult Sog mutants in which each or all conserved tryptophan wings (Figures 1 and 3 ). In the blastoderm embryo, we residues ( Figure 3G ) were mutated to alanine also caused drove expression of the various UAS-sog mutant transvein-loss phenotypes similar to, although somewhat genes, using a hybrid GAL4/GCN4 transactivating proweaker than, those observed with intact Sog when misextein, the mRNA for which is tethered to the anterior pressed in the wing. This result indicates that the conportion of the embryo by bicoid RNA localization signals served tryptophan residues are dispensable for the Sog (Janody et al. 2000) . This bcd-GAL4/GCN4 transactivaactivity responsible for vein suppression. Similarly, inditor consists of the DNA-binding domain of GAL4 and vidual W → A mutants had a Sog-like activity in the the transactivation domain of GCN4 and activates high embryo when driven with the bcd-GAL4/GCN4 driver, levels of UAS-transgene expression in the head region although the quadruple W → A mutant had greatly of the embryo ( Figure 2A ). When wild-type sog is misexreduced activity ( Figure 2E ). pressed with bcd-GAL4/GCN4, expression of BMP target Another question we addressed was whether there is genes such as race ( Figure 2B ), zen ( Figure 2K ), and rho functional significance to the fact that Sog has type II (data not shown) is suppressed in dorsal anterior cells secretory signal located 56 amino acids from the amino of the embryo. Similarly, expression of mutant forms terminus (Francois et al. 1994) rather than a typical of Sog deleted for either the CR1 (data not shown) or amino-terminal signal sequence since, in principle, such CR2 ( Figure 2C ) domains leads to suppression of race an internal hydrophobic sequence could anchor Sog expression in the head and anterior trunk regions. Deleto the cell membrane. We replaced the endogenous tion of either CR3 ( Figure 2D ) or CR4 (data not shown), internal Sog signal sequence with a standard signal pephowever, resulted in greatly reduced Sog activity in the tide from the secreted Easter protease and found that this Ea-Sog construct was fully active when expressed embryo, although, as described below, these constructs (Column 3) Each of these UAS-constructs was misexpressed in the developing wing, using the MS1096-GAL4 driver, which drives ubiquitous expression of UAS-transgenes in the wing (albeit at significantly higher levels on the future dorsal surface), and resulting wing phenotypes were scored as follows: Sog, mild vein truncation, but normal patterning of the A/P axis (see Figure 3B) ; ↓Sog, reduced sog-like activity; Supersog, compression of the A/P axis in which there is partial or complete fusion of L2/L3 and L4/L5, significant vein loss, and modest reduction in overall wing size ( Figure  3H ); Ϫ, no activity; ␣, ectopic veins anterior to L3 and posterior to L4 ( Figure  3F ). (Column 4) Each UASconstruct was coexpressed with UAS-tsg in the wing, using the MS1096-GAL4 driver to determine whether it could interact with Tsg to generate a Supersog-like phenotype ( Figure 4B ). ϩ, positive interaction to generate Supersoglike phenotype; Ϫ, no interaction (e.g., Tsg-like activity observed); ↓↓, greatly reduced interaction; ␣, ectopic veins; nd, not done.
in the wing (Figure 1 ). We also determined whether block Dpp secretion from cells. To address this question, we drove expression of UAS-supersog in posterior comSupersog with its endogenous type II signal sequence can act in cells that do not express dpp. Since previous partment cells with the en-GAL4 driver ( Figure 3J ) and observed a severe vein-loss phenotype in which the reexperiments have involved misexpressing Supersog in patterns that include those expressing dpp, it might be maining L4 and L5 segments were nearly fused. This phenotype is very similar to that observed in posterior imagined that coexpression of a potentially membrane associated form of Supersog with Dpp could simply regions of the wing in response to ubiquitous expression ( Janody et al. 2000) is shown. The genotypes of the embryos and the gene expression patterns are as labeled. The genotype is indicated first in boldface black type. For example, bcd-GCN4/GAL4-driven expression of a wild-type UAS-sog construct in the head is indicated as bcdϾsog. Expression of endogenous genes is indicated following the genotype and is color coded to match that shown in the embryos: brown type indicates a transcript/protein labeled with a biotin probe/antibody and detected with a brown HRP-reaction product, whereas blue type indicates a transcript labeled with digoxigenin and detected as a blue alkaline phosphatase reaction product. Embryos are viewed from a dorsal perspective with anterior to the left.
of Supersog ( Figure 3H ) or with expression limited to ates a Supersog-like phenotype in the wing ( Figure 4B , compare to Figure 3H ), whereas expression of these Dpp producing cells ( Figure 3I ). These results indicate that the type II signal sequence of Sog is interchangeable genes individually generates only mild vein loss ( Figure  3B ) or a weak ectopic vein phenotype ( Figure 4A ), rewith a standard signal sequence and that Supersog can function in cells both producing and responding to Dpp. Figure 4D ). of evidence indicates that Tsg, which plays a necessary role in dorsal-ventral patterning in the embryo (Mason We further tested the evolutionary conservation of the Sog/Tsg interaction by asking whether Sog and Tsg et al. 1994; Yu et al. 2000) , is involved in creating a Supersoglike activity (Yu et al. 2000; Shimmi and O'Connor 2003) .
interact in Xenopus to create a Supersog-like activity. Previous experiments revealed that while injection of For example, coexpression of intact Sog and Tsg gener- Labels are according to the GAL4 driver used (first term in boldface type, e.g., ubi, dpp, or en), followed by the symbol Ͼ, and then followed by the name of the gene being misexpressed (in boldface italics; e.g., ubiquitous expression of a wild-type UAS-sog construct in the wing using the MS1096-GAL4 driver is indicated as ubiϾsog). Sog or Supersog RNAs into ventral blastomeres of Xeno-1). In these experiments two types of Sog mutants exhibited compromised interactions with Tsg. The first of pus embryos both can induce the formation of secondary axes ( Figure 4H ), Sog differs from Supersog in that these mutants (Sog-A1,2,3,4), which is mutated at all four conserved tryptophan residues, generates a much the effects of Sog ( Figure 4I ), but not Supersog, can be reversed by co-injection with activated Tolloid (Tld*; weaker wing phenotype in combination with Tsg (Figure 4E ) than the Supersog-like phenotype caused by Yu et al. 2000) . We asked whether co-injection of Sog with Tsg could similarly protect Sog from Tld* by incoexpression of intact Sog with Tsg ( Figure 4B ). The Sog-A1,2,3,4 ϩ Tsg coexpression phenotype ( Figure 4E ) jecting a mix of all three RNAs ( Figure 4J , compare to Figure 4H and 4I; see also Table 1 ). These experiments is, however, somewhat stronger than that caused by Sog-A1,2,3,4 ( Figure 3G ) or intact Sog alone ( Figure 3B ), indicate that Sog and Tsg can indeed interact in vertebrate embryos and that Sog ϩ Tsg, like Supersog, is imindicating that there is a residual interaction between Sog-A1,2,3,4 and Tsg. Since each of the single Sog W → mune to Tld* activity.
To identify potentially critical residues in Sog required A mutants fully retained their ability to synergize with Tsg (Figure 1) , it is likely that several or all of the for the interaction with Tsg, we misexpressed the collection of various Sog mutants with Tsg in the wing ( in mediating the effect of Tsg. The second class of mu-4A). Since the Sog-A1 and Sog⌬CR1 mutants synergize fully with Tsg, it is likely that failure of Sog⌬CR1,stem to tants that fails to interact with Tsg lacks the stem sequences between CR1 and CR2. For example, Sog⌬CR1, interact reflects a role of the stem region in this process. We also found that coexpression of Supersog and Tsg stem, which lacks both CR1 and the stem portion of Sog (or any other mutant lacking the stem region), fails engenerates an enhanced phenotype relative to that produced by a single copy of Supersog alone (Figure 1 ). tirely to interact with Tsg as revealed by the indistinguishable wing phenotypes resulting from misexpression of Curiously, the interaction between Supersog and Tsg is also observed when the single remaining conserved tryptoTsg ϩ Sog⌬CR1,stem ( Figure 4F ) or Tsg alone (Figure TABLE 1 conclusions can be drawn from this analysis. First, the activity of Sog⌬CR4 and SogCR1,2 differs from that of intact Sog has no effect on expression of any positional or vein/intervein marker during larval stages, while misexpression of Supersog1 both inhibits expression of Dpp target genes (Yu et al. 2000) and leads to suppresphan in Supersog is mutated to alanine (Supersog1-A1, sion of rho expression (data not shown). Second, among Figure 1 ). This moderate genetic interaction may be the various BMP ligands and dominant-negative and mediated indirectly, however, since we observe a similar activated forms of BMP receptors and EGF receptors, degree of interaction between Tsg and the non-Drothe SogCR1,2 misexpression phenotype most resembles sophila vertebrate antagonist Noggin (data not shown).
that of activated Sax* or Gbb, in that there are no Deletion of the CR3 and CR4 domains creates a novel obvious A/P patterning defects, but there is localized Sog activity: As mentioned above, ubiquitous expression ectopic expression of rho anterior to L3 and posterior of a Sog mutant lacking the CR4 domain (Sog⌬CR4) to L4 ( Figure 5E , compare to 5C) as well as reduced results in a novel ectopic vein phenotype ( Figure 3D) . expression of the intervein genes bs ( Figure 5F , compare This ectopic Sog⌬CR4 phenotype is relatively mild and to 5D) and Delta (data not shown). These data suggest sometimes coexists with the typical vein-loss pattern that SogCR1,2 exerts a positive effect on BMP signaling, caused by misexpression of intact Sog (data not shown).
potentially via Gbb and the Sax receptor.
The complex and variable Sog⌬CR4 phenotype may
We also examined the effect of expressing Sog⌬CR4 reflect the sum of a vein-loss phenotype (e.g., as caused and SogCR1,2 in pupal wings when the vein vs. intervein by intact Sog) and a novel extra-vein phenotype. Consiscell fate choice is finalized. We observed significant ectent with this possibility, removal of both CR3 and CR4 topic expression of the rhomboid (rho) gene ( Figure 5G ), (SogCR1,2) induces a more extensive and penetrant which we have previously shown is a good marker for ectopic vein phenotype without any vein loss ( Figure 3F ).
Dpp activity. BMP signaling efficiently activates expresIt is possible that the stronger ectopic vein phenotype sion of rho, whereas activation of the EGF-R pathway associated with SogCR1,2 overcomes a weaker Sog-like induces significant ectopic dpp expression, but only very vein-loss phenotype. Alternatively, removal of both the weak ectopic rho expression (Yu et al. 1996) . The rela-CR3 and CR4 domains may severely reduce or eliminate tively weak ability of Rho/EGF-R signaling to positively the vein-inhibiting activity associated with intact Sog.
autoregulate presumably is the result of dampening that The ectopic vein phenotypes caused by misexpressing accompanies the indirect mechanism of rho autoactivaSog⌬CR4 or SogCR1,2 are similar to those caused by tion (Yu et al. 1996) . We also found that heat-induced hyperactive EGF-R (Sturtevant et al. 1993; Noll et al. expression of SogCR1,2 during early pupal stages (when 1994) or Dpp signaling (Yu et al. 1996) , suggesting that Dpp signaling is known to promote vein fates; Yu et these forms of Sog may exert a positive influence on al. 1996) leads to ectopic vein formation ( Figure 5H ), the EGF-R or Dpp pathways. We examined the basis for indicating that this construct is active during pupal as ectopic wing vein phenotypes induced by Sog⌬CR4 or well as larval stages. SogCR1,2 by misexpressing these mutant forms of Sog As a final test of SogCR1,2 activity, we misexpressed during larval and pupal wing development and assaying UAS-sogCR1,2 in the embryo using the bcd-GCN4/GAL4 the expression of various markers, including Dpp target expression system described above ( Janody et al. 2000) . genes (e.g., spalt and omb), vein markers (e.g., kni, abrupt, In contrast to intact Sog, SogCR1,2 is unable to suppress rhomboid or rho, Delta, and caupolican), and intervein expression of Dpp target genes such as race ( Figure 2F ), markers (e.g., blistered or bs equals DSRF and vn). Consiszen ( Figure 2L ), or rho (data not shown) in the head tent with the severity of their final ectopic wing vein with the bcd-GCN4/GAL4 driver. Rather, sogCR1,2 misexphenotypes, Sog⌬CR4 and SogCR1,2 have similar efpression has the opposite effect on zen expression in fects on marker gene expression, with SogCR1,2 being that refined zen expression in late blastoderm embryos the stronger of the two (data not shown). For compariexpands from the narrow stripe observed in wild-type son, we also examined gene expression patterns in discs embryos ( Figure 2J ) to a stripe of nearly double width misexpressing Sog, Supersog, BMP ligands, and domi-( Figure 2L ).This broadening of the zen domain, hownant-negative or activated forms of BMP receptors and ever, depends on reducing the dose of endogenous sog, as it is observed only in sogϪ/ϩ heterozygous embryos, epidermal growth factor (EGF) receptors. Two primary but not in embryos with the equivalent of two copies of and Ferguson 2001). These authors observed that, in addition to suppressing expression of a variety of Dpp sog. The pattern of zen expression is not significantly altered in sogϪ/ϩ control embryos (data not shown).
target genes at short range, sog acted at long range to rescue expression of race in mutants lacking endogenous Misexpression of SogCR1,2 does not have a significant sog function. In sogϪ embryos, race expression is broadeffect on the expression of the dorsal markers race or ened anteriorly but fades to low levels in more posterior rho, however. regions ( Figure 2G ). Consistent with previously re-A positive Sog activity in embryos has also been reported findings, we observed that loss of posterior race ported by others (Ashe and Levine 1999; Decotto expression could be rescued by supplying Sog in the head ( Figure 2H ). SogCR1,2, however, was unable to rescue appreciable race expression in sogϪ mutants (Figure 2I ). In addition, the positive function of SogCR1,2 broadened zen expression over a long range in sogϪ/ϩ heterozygous embryos, whereas wild-type Sog only inhibited zen expression ( Figure 2K ). These results suggest that the SogCR1,2 activity may be different from the race-promoting activity of intact Sog. CR domains and surrounding sequences determine the level and quality of Sog activities: The results of the CR deletion experiments described above suggest that no single CR is absolutely required for the activity of intact Sog (e.g., inhibition of Scw/Gbb), although certain CRs (e.g., CR3 and CR4) seemed to be more important than others for this function. Another way we assessed the degree to which CRs vs. surrounding protein sequences contribute to the strength and quality of Sog activities is by swapping the CR domains in the context of the backbones of SogCR4, Supersog1 (SS-1), and SogCR1,2. In these experiments, the native CR domains were replaced with each of the other three possible CRs ( Figure 6A and Table 2 ). Several independently isolated transformant lines were then misexpressed in the wing and tested for activity as single insertions or combined in doses of two and four copies to increase levels of expression (Table 2) . Two major conclusions can be drawn from these experiments. First, in the great majority of cases, altering the identity of the CRs lead to loss ( Figure 6D , compare to 6B; Figure 6 , F and H, compare to Figure 3H ) or vastly reduced activity relative to the parent construct. The greatly attenuated activity of these chimeric proteins is not due to synthesis of unstable or abnormally processed protein products as we have examined induced protein expression from these various constructs in vivo by immunoblotting with an anti- Figure 5. -Analysis of the sogCR1,2 phenotype. Gene expression patterns were examined in wild-type (WT) wing discs (A and B) or in wing discs ubiquitously misexpressing UASsogCR1,2 (C and D), UAS-sax*(E), or UAS-gbb (F), using the MS1096-GAL4 driver. We also examined rho expression in pupal ubiϾsogCR1,2 wings (G). Expression of vein (rho) and intervein (Bs) genes was detected by in situ hybridization (rho) or by immunohistochemical staining (Bs). The adult wing shown in H is from an individual of the genotype HS-GAL4; UAS-sogCR1,2, which received a 2-hr heat shock during early pupal stages (e.g., 20-24 hr after pupariation) and was then shifted back to 25Њ until eclosion. (1X), two (2X) or four (4X) copies of UAS-sogCR-X, UASsupersog-X ϭ UAS-SS-X, or UAS-sogCR-X,Y domain swap constructs using the MS1096-GAL4 wing driver. Constructs are diagrammed in A, and the activities of these constructs are indicated in Table 2 .
Sog antibody and find that all the mutant proteins tested 6E and Table 2 ). Likewise, constructs in which the CR1 domain of Supersog was substituted with CR3 or CR4 are made at levels comparable to those of the initial Sog constructs and that these proteins are of the precause modest ( Figure 6G , SS-3) or severe ( Figure 6I , SS-4) Supersog-like phenotypes when expressed in sevdicted sizes (data not shown). These observations reveal that the CR domains are not interchangeable and minieral copies, and SogCR-4,2 ( Figure 6K ) has a modest SogCR1,2-like phenotype ( Figure 6J ) when expressed mally that they play a role in determining the magnitude of activity of the various Sog forms.
in two copies. These observations strongly suggest that the category of activity manifested by the various Sog The second important result of the CR swap experiments is that when a CR swap construct had activity, it forms is determined chiefly by the surrounding protein sequences and not by the CR domains, which act primarwas always the same as that of the original construct. For example, in the context of the Sog-CR4 swaps, reily in a quantitative rather than qualitative fashion to determine activity levels. The finding that deletion of placement of CR4 with CR2 (SogCR-2) or CR3 (SogCR-3) results in SogCR4-like phenotypes when these chimeeither the CR1 domain or the neighboring stem region from Supersog eliminates its activity (Figure 1 ) is also ric constructs are expressed in multiple copies (Figure TABLE 2 Sog, which selectively blocks signaling mediated by the BMP ligands Scw/Gbb; Supersog, which acts a broader Activities of Sog CR swap constructs spectrum BMP inhibitor; and SogCR1,2, which has a distinct potentially positive BMP-promoting activity.
Sog constructs Activity
Analysis of deletion and point mutation sog constructs sequences to interact with particular BMP targets. CR tryptophan residues and the stem region are required for Tsg to modify Sog activity: The Sog CR do- Supersog: Truncated forms of Sog consisting of CR1, the stem, and CR2 behave differently than either Sog or Supersog constructs when misexpressed in the wing consistent with the view that CR domains must interact or embryo. The strongest form of this novel Sog activity with adjacent sequences to create a BMP inhibitory acis observed when both CR3 and CR4 are deleted (e.g., tivity.
SogCR1,2). Several lines of evidence suggest that Sog CR1,2 functions by promoting BMP signaling. First, the effect of misexpressing SogCR1,2 on gene expression DISCUSSION in wing discs is most similar to that of misexpressing an activated Sax receptor or the putative Sax ligand Gbb. In this study we examined the contribution of different Sog domains to three distinct activities of Sog: intact This profile of gene response is quite distinct from that resulting from misexpression of activated or dominantalanine suggested that the CR domains perform partially overlapping functions since none of them is absolutely negative forms of the BMP receptor or EGF-receptor pathway, which is the other major signaling system reguessential for intact Sog activity (e.g., inhibition of Gbb/ Scw) or for interaction with Tsg to create a Dpp inhibilating early vein development. Second, misexpression of SogCR1,2 in pupal wings by heat shock results in tory activity. Nonetheless, these experiments also suggested that the CR domains are not equivalent. For significant ectopic expression of the rho gene, which is a good measure of BMP vs. EGF-R pathway activation example, deletion of CR3 or CR4 had much greater effects in reducing the SOG-like activity than did deletion during this stage. Finally, expression of SogCR1,2 in the early embryo broadens the dorsal expression domain of CR1 or CR2. Moreover, the fact that Supersog, which contains only CR1, can inhibit Dpp while SogCR4 apparof the BMP target gene zen.
One attractive model for a positive function of Sog ently interferes selectively with Gbb, suggested that CR1 might bind Dpp while CR4 bound Gbb. The results of such as that potentially mediated by SogCR1,2 is that in addition to binding to BMPs and preventing them the CR swap experiments performed in the contexts of SogCR4, Supersog1, and SogCR1,2 are quite informafrom gaining access to the receptors, Sog might also act as a carrier of BMPs to either protect them from degradative in resolving this question and provide a surprising answer, namely that sequences adjacent to CR domains tion or possibly transport them dorsally (Decotto and Ferguson 2001; Eldar et al. 2002; Shimmi and O'Con- are the primary determinants of BMP specificity. While replacing a CR domain in swap constructs typinor 2003). Since the CR3 and CR4 domains appear to be those most critical to inhibition of Gbb/Scw activity, cally resulted in greatly reduced activity or inactivity of UAS-transgenes tested as single-or multicopy insertions, it is possible that the apparent positive activity of SogCR1,2 is the result of removing the Scw/Gbb inhibithose that had activity generated phenotypes similar to those of the parent constructs. These data suggest that tory activity, while leaving a carrier function intact. The difference between the activity of SogCR1,2 and Suthe CRs are required in a context-specific fashion to boost the activity levels of the various forms of Sog. persog molecules, which lack the CR2 domain, might be explained if CR1 and CR2 can interact in SogCR1,2
These findings, although limited in scope, suggest that the primary determinant of the quality of Sog activity to prevent CR1 and/or adjacent sequences from interacting with Dpp, thus neutralizing this remaining potenlies within the sequences surrounding the CRs rather than within the CR domains themselves. These nontial BMP inhibitory activity. It is currently unclear what relationship, if any, the SogCR1,2 activity has to the CR sequences may correspond to identified repetitive motifs such as the SR repeats (Francois et al. 1994) or positive function of Sog required to sustain dorsal expression of race in the early embryo (Ashe and Levine the circularly permuted SOG/CHRD domains (Hyvonen 2003). The simplest interpretation of this result is 1999; Decotto and Ferguson 2001). SogCR1,2, unlike intact Sog, is unable to rescue race at a distance, but can that CRs contribute to defining the strength and surrounding sequences determine the specificity of Sog broaden dorsal zen expression, which intact Sog does not do. The apparent differences between these activiactivities. This model of Sog function is consistent with the finding mentioned above that deletion of any single ties may be the result of threshold-dependent effects in the early embryo or may reflect a fundamentally differ-CR does not eliminate Sog-like activity (e.g., inhibition of Scw/Gbb) or the ability to interact with Tsg (e.g., ent mode of action.
An important question is whether truncated forms of inhibition of Dpp) and that both the CR1 domain and adjacent stem sequences are required for Supersog acSog similar to SogCR1,2 or Sog⌬CR4 are generated and function in vivo. It is known that Tld can cleave Sog in tivity. The fact that the conserved tryptophans in the CR domains are required in aggregate, but not individuvitro to generate products of approximately the same size as these constructs (Marques et al. 1997 ; Shimmi ally, for interaction with Tsg and that stem sequences are also required for this interaction lends additional and O'Connor 2003), and Sog-reactive bands of approximately the same size are observed in early embryos support to the view that the CRs function in a partially redundant fashion in conjunction with non-CR seand pupal wings (Yu et al. 2000) . In addition, forms of Chordin similar in structure to SogCR1,2 and Supersog quences. One potential explanation for the results reported here and by Larrain and colleagues (Larrain are produced in humans as the result of alternative RNA splicing (Millet et al. 2001) . Further analysis of the et al. 2000) is that the CR domains alone bind to BMPs, but do so with little selectivity. The surrounding seproduction and activity of SogCR1,2-like molecules will be required to determine the relevance of such forms quences may provide specificity by interacting with only a subset of BMPs, thereby increasing the affinity of adjain vivo and to determine the mechanism by which they may act on the BMP pathway.
cent CRs for particular BMPs. Alternatively, surrounding sequences may alter the conformation of CR domains or CR domains determine the level and adjacent sequences determine the type of Sog activity: Analysis of sterically limit their interactions with BMPs, rendering them more selective. Further biochemical analysis will Sog mutants in which individual CRs are deleted or single conserved tryptophan residues are mutated to be required to determine the degree to which CRs affect
